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ABSTRACT

The transicnt temperaturce distribution In the
lithium-cooled blanket of a pulsed fusion reactor
hae been calculated using a finfte-clement heat-
conduction computer program. An auxiliary program
vas used Lo predict the coolant traasient velocity
in a nctwork of parallel and seriecy flow parsages
with conatant driving pressure and varying magnet {c
field. The coolant velocity wian ealeulated hy a
Runge-Kutta numerical integration of the conscrva-
tion equationsa.

The lithium coolant was part of the finitce-element
heat-conduction mesh with the velocity terms In-
cluded in the total matrix. The matrlx was solved
implicitly at cach time atep for the nodal point
temperatures. Slug flow was assumed in the coolant
passages ond the Bousslnesq annlugy was used Lo
calculatce turhulent heat transfer when the magnetic
ficld was uwotL present.

HOMENCLATURE,

B = magnetic field, Tcula

k = Boltzmann constant

n = ion density

R = hydraulic radius of [low chanaels
Re = Reynolds number, uR/v

T = temperature

u = velocity parallel to centerline

Greek Letters

B = ratio of plamma kinctic pressure to confining
magnetic pressurc = anTI(BzIZUO)

AP = total driving pressurc for lithium flow
A = eddy thermal conductivity
u, = 4m x 1077 H/m

€ = eddy dynamic viscosity
V = kinew tic viscosity

INTROCUCTION

Assuming that there will be significant advances

in the physics of plasma confincment, the potential
for controlled thermonuclear fusion for cconoalc
pover production is being assesscd. As part of the
overall effor:, conceptual but comprehcnsive

7545 U. S. A.

engincering desipn studfes have heen made of a

number of plasma cont fnement schemes (1-%). The
mapnetically confined svstems that have boen sub-
Jected to engincerfug vraluation can be elassiflod

as atrady state (1), quasl-steady state (2, and
pulsed (3). The mathematical model Ing of
neutronic/heat -transfer/structural aspects of the
thermal=hydraulic, tritium-brecding Blanket that
surrounds a reacting deuterjum/tritium plasma

[T+ D>+ n(14.1 MeV) + “He(3.5 MeV) ] represents an
integral part (5,6) of the overall technological
assensment (7) provided by these fusion reactor
ftudlea. Particular attention must he given to
all heat-tranufer aspects of pulsed fuslon con-
cepts.  Although the results of heat-transfoer/
blanket desipn calculations presented herein per-
tain specifically to the toroidal Reference dheta=
Plnch Reactor (KRTPR) (4)., these rusults are pener-
ally applicable, with some modit ieation, to other
pulsed magnetically-confined fusion power concepts.
The blanket structure (or "first wall™) that
directly faces the hot (10 to 30 keV)' reacting
plasma represents a particularly cruclal heat-
tranefer/thermal-siress problem, which has been
treated in detall clsewhere (8). Thia paper
focuses primarily on the thermal/hydraulic re-
sponse of the entire liquid-lithium-cooled blankelt.

The RTPR will operate as a high-B stellerator (4)
vhere the plasma is heated compressionally by a
magnetic field that does not penetrate the plasma
during the confincment time. The RTPR muast oper-
ate in a pulsed mode with thermonuclear burn time
of 0.1 to 0.4 s. Important parameters associated
with thke RTPR pulmed power cycle are shown
schematically in Fig. 1. The physaical relation-
ship between the plasma, hlanket, and magnetic
coils is shown in Fig. 2. 1lhe pulsed fusion
redctuor is composed of a series of these ~ 2-m-
long modules arranged end-to-end. It should be
emphasized that the segmented blanket structure
servea as a magnetic flux concentrator on the im-
plosion-heating time scale (~1 us), and is divided
into regions that arc small enough to minimize
eddy current losses on the adiabatic compreasfon
time scale (~30 ms). The blanket iR otherwise
electrically and wechanically decoupled from the
magnetic coils and associated clectrical circuitry.

Each cylindrical module of the scgmented blanket
is divided into 100 azimuthal sectors shown In
more detail in Fig. 3. Each scgment represents an

11 kev ~ 12.5 (10)* K.



independent flow system. The sepments are Luhdil-
vided Into ce]ls or cans contalning flowing Hthium
coolant, stagnant molten lead (neutron rnltiplfer),
Li-6/tritium breeding material, and iron or boron-
carbide shiclding (Fig. 3). Alumina (electrical)
insulator coatings hetween each nzlnuthal sector
are also included, and the structural material iIs
1-mm-thirk Nb-1Zr alloy. Jther methods of fabrica-
tlon have been consldered as alternativens, but only
the deslpn In Fig. 3 hay heen subjected to detafled
neutronic (9,19) and thermal analyses.  Each
blankel sepment {s fabricated from a flat shoeet
that 15 rolled futo two matchlng halves and tack-
welded topether Lo form Integral {low passages.
This type of construction ls commonly used for
heat=-exchanger nancla (115, and leakage of lithiun
coolant hetween the plates under the tack welds s
not detrimental to blanket performance. Hexaponal
0.5mm—thick NL=1Zr cans of stagnant llquld lead or
Hthium are Inscerted in the spaces between the
coolantl passages within the tritium-brecding reglon
of the blanket. In the outer pamma-shlelding
region uncanned logs of iron or horon-caroide are
inacrted. Figure 3 has been simplificd to show
only momc tynical blanket layersn;  sgeven coolant
ducts are actually consldered necessary.

FJRANSIENT NEAT TRANSFER WITH PULSED FLOW

The burn cyele paramcters deplcted In Flp. 1 wers
used with one-dimensional (eylindrical) neutronic
calculatinans to provide the time-space dependence
of the neutron uand gamma-ray power densities. Fig-
ure &4 18 a cnc-dimensional representation of the
neut ronic/hei:t=transfer caleulational model and
Table 1 summnrizes the key parameters used in the
blanket heat--transfer calculations. Because of the
pulaed magnetic ficlds, liquid-lithium coolant flow
will also bu tire dependent during the pladma burn
and quench stages, and the time resolution of the
coolant flow, therefore, represents an essentinl
feature of the blanket heat-transfer calculation.

Figure 5 givea the liquid-lithium flow eircuit for
the blanket configuratlon depicted in Fig. 3. Be-
cauge of the large pressure drop created by the
magnetic fleld during the burn, the lithium coolant
flow virtually ceases during this period. The
transient and srLeady-state flow rates are calcula-
ted for cach coolant leg depicted in Fig. 5. The

TABLE I. Parameters used in Blanket Heat-
Transfer Calculationa

Initial Blanket Toemperature
Coolant Inlet Temperature

Duty Cycle 58

Rise Time of Compression Ficld 0.0 »
Compresrlon Ficld, Flat-top Time 0.4 8
Plasaa Cooling Time 2.08
Implosion Heating Magnetie Field 0.88 Tesla
Maximum Compreassion Field 7 Tesla
Quench Field & Tesla
Total Neutron and Gamma Encrpy 87.6 MI/m
Bremsstrahluag Encrgy 1.44 M)/
Plauma Internal Encrgy, End of Burn 5.96 Ml/m

onc-dimensional momentua equationt: for cach cnol-
ant leg, subject to the couditions of mass coaltin-
ulty and wreqnure balanewe, are used to deseribe
the {low transicent. The [low equations are Jde-
rived for o slightly different peometry in Ref.
(12) by uge of the following slmplifying assump-
tionr: 1. Incompressible fluid, 2. eonstant
profertles, 3. zuero electric fleld, and 4. neglect
of gravitatlonal force: and Jocalized geometry
effecty at the manifolds. Based on a 1ithium
sound speed of 4.2 km/%, the characteristic travel
time for a pressure wave to reach the end of the
2-m module {6 .12 of the time for the {luid te

" come to rest. Therofore, the flow transient ly

"slow" with respect to the wave velocity and iner-
tinl terms dominate. The transleat surge flows,
pressure oecillations, and 1lthium compressibiliny
therefore, are neplected for purposes of determin-
Ing heat transfer in the blanket.

The nondimensional momentum equat fons (12) for
each coolant leg (Fig. 5) arce solved numerically
by a Runge-Kutta Integration for a given wagnet le-
field waveform to glve the flow velocity., The
pressure differentfal, AP, across the lithium
inlet-outlet measured at a reference poin!. outside
the magnetic field (Flg. 5) is held fixed. 1In
thia way the flow condition within the mapnetic
field is decoupled from the cxternal piplog and
surge tanka. The pressure drop resulting from
flow across the pulsed magnet!ic {icld lines !s
taken into account only for the inlet and exit
lega; Ldeally, the Hartmann number is zero for the
other coulant leps with flow parallel to the mag-
netle fleld.

An important objective of the blanket design 15 to
minimize the lithlum flow rate and pumping power.
Two approximate limits have been established for
the lithium flow. The lower limit correaponds to
the cnse where the flow barely achleves dteady
state at the end of a 5-3 cycle time for a given
flow geometry and mapnet fc field. The upper Limit
ia set by the flow above which no wignificant im-
provement in hlanket Lemperatures occurs because
the rate of heat transfer is limited by conduction
out of the anlid (or singnant liquid) regions.
Parametric studies showed that these )lmits caver
a rather narrow range from (0.0035 m*/s per sepment
at AP = 5.1 kPa to 0.0125 m'/s per segment at 51
kPa. The corresponding Ideal pumping power per
meter of length varles from 0.9 kWwe to 30 kWe at
peak flow for the 100 segments in a module. The
blanket will theoretically opcrate at any inter-
mediate flow provided the tradeoffs in pumping
power, temperatures, and temperature cycle arc
acceptable.

The flow velocities in the inlet leg are shown in
Fig. 6 for a range of AP values and the magnetic
ficld time history indicnated. The high-flow case
(AP = 51 kPa) wam chosen as a reference case be-
cause it results in the minimum temperaturea and
thermal stress in the blanket. The flow veloci~-
ties in the seven 2-m-long coulant logs within
the blanket follow a similar time hlstory to that
given in Fig. 6, but differ in magnitude because
of differences in flow area.



HEAT TRANSFER 13 PULSED FLoX_BIANEETS
The blanket georictry pictured in Fig. 3 was modeled
as a scrlen of concentric annular reglons (Fie. 4).
The two-dimensional (r,z) Leat-transier model in-
cluded convective terms where appropriate, but by
symactry ncglected heat conlaciion ia the azfuaathal
direction. A general purpese !inite-element heat-
conduction program, AYFR (11), was wuiced. The pro-
gram implicitly solves the transient two-dimensional
equation of heat conduction, including offects of
inplane anisotropic conductivity, tiurce=-dineaslonal
valocity distribution, and interface thormal cnn-
<cact resistance.

The neutron and (ncutron-Indaced) gamaa heat ing
varies acrogrt the blanket Ly more than an orler of
magnitude and contains sharp discontinaitles at the
covlant channels (10). Durinp thLe thermonuelear
burn, the firust wall {nteroepts bromsstrablurg en-
ergy flux, Flg. 1. After the 0.4 8 of thermonnele-
ar burn, the plansma internal cenergy is removed by a
radlally outward heat flow through a ncutral-gas
layer to the flrst wall (12,]14). Aa inportant
feature 1s that this rate of heat transfer {8 near-
ly constant with time (12,. The total enerpy
deposited in the blanket trum cach of the

three heat Ing mechanisms (neutron/gamma, plasma
bremastrahlung, and plasma dunp) 1s sunmarized in
Table 1.

The lithium coolant 18 included {n the finite-
element mesh with the time=ilcpendent velocitios In
cach leg specified. Toe velocity {s taken to be
uniform in cach coolant ler (sluy flow), with heat
transfer from the wall occurring by nolecular con~
duction ¢rnly in the presence of mapactic ficlds or
when the flow 18 laminar. When Lhe manetic field
is zero and the flow 1s turbulent (Re ™ 2000), an
eddy conductivity ia used to enforce the laminar
f:rmulation (Boussinesg analogy) (13) on the wall
hcat flux.

The eddy thermal conductivity, A, was found by com-
bining Rolscnow and Cohen's (16) expression for the
turbulent Prandtl number with Spalding's (17) "law
of the wall" for the eddy dvnamic viscowsity, f.
Through the use of the Blausius (15) relation for
the wall friction, n representative value for A

was found that is bamed on the average velocity.
Although £ and A vary with positfon In the guneral
case, solutions for the temperature gradients in
pipe flow show (18) that A is rclatively constant
for 1iquid metala. The resistance to heat flow is
not found in the laminar sublayer or in the buffer
layera, as is the case with other flulda, but is
more evenly distributed throughout the cross sec-
tion. The determination of £ from an inner law or
"law of the wall” (17) may bc questioned, aince the
outer laycr, or "law of the wake" appears to be
more applicable. The declsion to use the "law of
the wall" was arbitrary, and was influcnced by fac-
tors of convenience and consurvatlsm (predicting
lowe: heat-transfer rates). A conservatlve value
for A is deasirable because the turbulent cddies
vill probably be damped by the magnetic field. The

privcipal advantape in using the odldy conductivity
instead of a Lyon-type relatlonship (19) for con-
vective neat transfer Is the savinge In comput ional
effort with the finite-clement mesh,

Thermal contact resistance hetween the metal cans
(Fipg. 3) Impedes the heat transfer to the coolant.
In practical cases, these resistances are diffi-
cult to determine accurately., The rontact conduc-
tance valaes vsed hoere were 20 to 48 kW/m'K.

These are hiph values for metallle sarfaces in a
vacuum, but have been obtafned when the contact

cpreasaure was about 105 of the Mever haridnoss of

the metal (20).  Althouph more detailed blanket
desipn studles are required, much hipgher teapera-
tures can be tolerated In the canned regions. of
the blanket than were found using this assamption.

There 18 a 20~mm layer of alumlna clectrical insu-
lator between tha blanket and the lmplosfon heat-
ing coil (Fig. 3). The mapnet colls must operate
near room temperature, and a narrow gap between
the coil and fnsulator would alloe laminar low of
the inert pas magnet coolant.  For purposcs of
this caleulation the boundary condition was specl-
fied as hellum at 300 K In Laminar flow.

RESULTS

Two domains of blanket heat transfer are Identi-
fied: (1) the transient start-up period when the
time-averaped temperature of vach blanket resion
approaches a constant value; (2) the steady-sitate
regime where the temperature of ciach reglon oscil-
letes about the time-averaged value. The tran-
flent start up beging from an inltlal temperature
tnat is determined by the degree of blanket and
zoolant prehcating and lasts for 20 te 30 5-s
pwer cycles (Flga. 1 and 8). The most severe
thermal transicents are at the first wall (8).

Flgure 7 gives the time dependence of temperaturces
in three regions of the blanket during the tran-
siont start~up period. The coolant mixed-muean
temperature risc during the start up gradually in-
creascs from zero tv a stable value after 20 5-»
cycles. The refcrence case (AP = 51 kla) has a
lov mixed-mean coolant temperature rine (maximum
57 K to minimum 11 K ot end of the duty cycle)},
which could affect the performance of the Interme-
diate heat exchanger. The temperacure rise for
tha lower (AP = 5.1 kPa) flow is more than ade-
quate from this viewpoint (maximum ~140 K to mini-
wum 117 K at end of the duty cyele). Fipure 8
shows the typlcal steady-state radlal temperature
profile through the blanket at the start (and end)
cf a duty cycle and at the end of the plasma dump
vhen maximum first-wall temperatured are reached.
Temperatures are also given for the cave of the
lower couvlant flow (AP = 5.1 kfa). An indicatlon
of the axial tcemperature variation 18 gplven In
Fig. 8 by depicting the radial temperiature profile
at both ends of the blanket. Examlnatlon of thene
ond similar temperaturc plots leads to these ob-
servations:

LaASL &5 =



o The [irst lead reglon expericences the hlpghest
temperatures in the blanket cxcept at the end of
the plaama dump waen the first wall rises to
about 270 K above the coolunt inlet temperaturec,

e Temperaturces gencrally decrease with radius
across tYhe¢ blanket with 50 to 100 K temperature
oacillations occurring within the stagnant liqulid
regions (no convection assumed).

® The helium coolant in the coi)s at the outer
dlameter of the blanket causes a large (150 K)
gradient In the alumina Insnlator at the outer
radfus, but no signiflcant temperature differen-
cen occur in the bulk of the blanket.

® Temperatures In the outer portion of the blanket
remaln relatively constant throughout the burn at
~50 K above the reference temperature.

® The greatest axlal temperature differences occur
in the first wall at the end of the plasma dump.

For the corresponding temperature profiles with the
lower (AP = 5.1 kPa}) lithium flow, the same genceral
conclusions apply cxeept chat the temperature ex-
tremes arc up to 55% greater. Although maxinum
temperatures at Lhe flest wall are greater than
with the reference (AP = 31 kPa) flow, Lhe firat-
wall temperature change durlng a burn cycle shows
no strung dependence on the conlant flow rate.

SUMMARY

For the duty cycle considered all blanket reglons
reach maximum temperatures at the end of the ther-
monuclear burn. These maxima are, respectively,
240 K, 160 K, 120 K, and 80 K ahove the coolant in-
let temperature for lead, Li-6, Iron, and boron-
carbide. ' The maximum axlal temperature dif fercnce
in the blanket 14 160 K and accurs in che first
wall at the end of the plasmn dump. Parametric
studies that vary both AP and the geometry (size,
position, number) of the 1ithium coolant channels
will show that both local and average Lumperature
variations in bhoth spnce and time can be made less
pronounced than those computed for the extreme
cases shown in Fig. 8.
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